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ABSTRACT
As we demonstrated in Paper I, the quenched fractions of central and satellite galaxies as function
of halo mass are extremely similar, as long as one controls for stellar mass. The same holds for
the quenched fractions as a function of central velocity dispersion, which is tightly correlated with
black hole mass, as long as one controls for both stellar and halo mass. Here we use mock galaxy
catalogs constructed from the latest semi-analytic model, L-GALAXIES, and the state-of-the-art
hydrodynamical simulation, EAGLE, to investigate whether these models can reproduce the trends
seen in the data. We also check how the group finder used to identify centrals and satellites impacts
our results. We find that L-GALAXIES fails to reproduce the trends. The predicted quenched fraction
of central galaxies increases sharply with halo mass around 1012.5h−1M⊙ and with black hole mass
around ∼ 106.5M⊙, while the predicted quenched fraction of satellites increases with both halo and
black hole masses gradually. In contrast, centrals and satellites in EAGLE follow almost the same
trend as seen in the data. We discuss the implications of our results for how feedback processes
regulate galaxy quenching.
Subject headings: galaxies: general – galaxies: groups: general – galaxies: evolution
1. INTRODUCTION
Star formation quenching is an essential process in
galaxy formation and evolution since redshift about 2.5
(e.g. Bundy et al. 2006; Faber et al. 2007; Muzzin et al.
2012; Tomczak et al. 2014; Barro et al. 2017). However,
what causes the star formation to quench is still an un-
solved problem. Many observational studies have found
that the quenched fraction of galaxies depends strongly
on other intrinsic properties of galaxies, such as stel-
lar mass, bulge-to-total light-ratio and central stellar ve-
locity dispersion (e.g. Driver et al. 2006; Cameron et al.
2009; Wuyts et al. 2011; Mendel et al. 2013; Fang et al.
2013; Bluck et al. 2014; Woo et al. 2015; Wang et al.
2018a), as well as on the environments they reside
in (e.g. Balogh et al. 2004; van den Bosch et al. 2007;
Peng et al. 2010, 2012; Woo et al. 2013; Wang et al.
2016, 2018c).
Central and satellite galaxies in dark matter halos,
as represented observationally by galaxy groups (e.g.
Yang et al. 2005), are usually assumed to experience dif-
ferent quenching processes, because of their different lo-
cations and motions within the host halos. This is sup-
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ported by observations that the quenched fraction of cen-
trals is found to strongly depend on their structures, but
only weakly on their host halo mass (Fang et al. 2013;
Bluck et al. 2014; Woo et al. 2015) and environmental
density (e.g. Peng et al. 2010, 2012), while the quenched
fraction of satellites appears to be more sensitive to their
environments (Abadi et al. 1999; Balogh et al. 2000;
Blanton & Roweis 2007; van den Bosch et al. 2008a;
Weinmann et al. 2009; Peng et al. 2010; Wolf et al. 2009;
Woo et al. 2013). In fact, the differences in the quench-
ing properties between centrals and satellites are usu-
ally used to estimate the efficiency of satellite-specific
quenching processes (e.g. van den Bosch et al. 2008a;
Wetzel et al. 2012; Knobel et al. 2013; Kovacˇ et al. 2014;
Knobel et al. 2015; Wang et al. 2018c).
However, there is growing evidence that centrals and
satellites are not as different as expected. For example,
when dividing galaxies into several narrow stellar mass
bins, Hirschmann et al. (2014) found that the quenched
fractions of centrals and satellites respond to their lo-
cal densities in a similar way. Knobel et al. (2015) found
that, if satellites have similar stellar mass as the centrals,
the two populations have on average the same quenched
fraction. Similarly, Bluck et al. (2016) found that the
quenching properties of massive satellites are identical
to those of centrals of the same stellar mass. Wang et al.
(2018c) analyzed the quenched fractions in samples con-
trolled by both stellar mass and halo mass, and found
that satellites and centrals in those controlled samples
have similar quenching properties. They demonstrated
that the different quenching behaviours of centrals and
satellites found previously are mainly due to the fact that
satellites, on average, reside in more massive halos than
centrals of the same stellar mass. In particular, although
centrals and satellites of similar stellar masses (or resid-
ing in halos of similar masses) reside in halos of different
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halos mass (or have different stellar mass distributions),
their quenched fractions follow the same correlation with
stellar mass (or halo mass).
More recently, in the first paper of this series,
Wang et al. (2018b, hereafter Paper I) presented a com-
prehensive analysis on the quenching properties of cen-
trals and satellites based on the SDSS group catalog of
(Yang et al. 2007, 2009), including the quenched fraction
as a function of stellar mass, bulge-to-total light ratio,
central velocity dispersion, halo mass and halo-centric
radius. The results show that the central and satellite
populations exhibit similar trends of quenched fraction
with all the variables considered. Moreover, we found
that the fractions of Seyfert and radio galaxies, which
relate to different types of AGN feedback, are also the
same for centrals and satellites, as long as the stellar and
halo mass are controlled. This suggests that the quench-
ing mechanisms working on centrals and satellites are
related to these internal and environmental parameters
in a similar way.
Understanding how, when, and where galaxies
quench their star formation is one of the most mud-
dled, outstanding problems in galaxy formation.
Different models for galaxy formation and evolu-
tion often make very different assumptions and/or
predictions. Among them, semi-analytic galaxy
formation models (SAM; e.g. White & Frenk 1991;
Kang et al. 2005; Bower et al. 2006; Croton et al. 2006;
Bower et al. 2008; Somerville et al. 2008; Parry et al.
2009; Lu et al. 2011; Guo et al. 2011; Lee et al.
2014; Lu et al. 2014; Gonzalez-Perez et al. 2014;
Somerville et al. 2015; Ruiz et al. 2015; Henriques et al.
2015) and hydro-dynamical simulations (e.g. Katz et al.
1992; Springel et al. 2001; Springel & Hernquist 2003;
Springel et al. 2005; Keresˇ et al. 2009; Angulo et al.
2012; Vogelsberger et al. 2014b,a; Schaye et al. 2015)
are two powerful tools to trace galaxy formation and
evolution in cosmological volumes. SAMs are phe-
nomenological models that use approximate/empirical
formula to describe all baryonic processes relevant to
galaxy formation, such as gas accretion, heating and
cooling, star formation, feedback from stars and AGN,
mergers, and stripping due to tides and ram pressure.
Because of their different locations within host halos,
centrals and satellites in SAMs are assumed to undergo
different quenching processes (see e.g. Henriques et al.
2017). For example, the stripping of hot and cold
gas associated with galaxies is assumed to only act
on satellites. In addition, the efficiency of radio AGN
feedback is assumed to depend on the associated hot gas
mass, which may be very different between centrals and
satellites. Hydro-dynamical simulations, on the other
hand, evolve the dark matter and baryonic components
in a self-consistent way, though some assumptions
have also to be adopted to model subgrid physics (see
e.g. Springel & Hernquist 2003). More importantly,
centrals and satellites are not treated differently a
priori, and their differences, if any, result directly from
a complicated interaction between the baryonic content
of a galaxy and its environment, while the (subgrid)
modelling of star formation and feedback processes carry
no knowledge of this environment.
In general, the current models are able to reproduce
many global properties of observed galaxies, such as
their abundance, their clustering, and the overall trend
of the quenched fraction as a function of galaxy en-
vironment and galaxy properties (see the model pa-
pers cited above). However, they usually have dif-
ficulties in matching details of the quenched frac-
tion (Hirschmann et al. 2014; Somerville & Dave´ 2015;
Khandai et al. 2015; Furlong et al. 2015; Guo et al. 2016;
Henriques et al. 2017). This indicates that improve-
ments in the treatments of quenching processes in semi-
analytic models and in the sub-grid prescriptions in
hydro-dynamic simulations are still required.
In this paper, we compare the observational results
obtained in Paper I with theoretical predictions, based
on both the L-GALAXIES semi-analytical galaxy for-
mation model of Henriques et al. (2015), and the state-
of-the-art hydro-dynamic simulation EAGLE (Evolu-
tion and Assembly of GaLaxies and their Environments;
Schaye et al. 2015). In particular, we focus on whether
the models can reproduce the similarity among centrals
and satellites seen in the data. The comparisons between
observations and models and between different models
on the central-satellite difference may provide valuable
insight into quenching mechanisms, thereby helping to
improve galaxy formation models. Since the halo masses
and central/satellite classification in the data are based
on the group finder of Yang et al. (2005), which carries
its own uncertainties, it is important to take this into
account when comparing models and/or simulations to
data. In particular, Campbell et al. (2015) have shown
that the red fraction of central galaxies as function of
halo mass is not well recovered by the group finder. We
therefore construct mock data sets from L-GALAXIES
and EAGLE, and run the same group finder over these
mock data sets in order to facilitate a more meaningful
comparison.
The remainder of this paper is organized as follows. In
Section 2 we present the galaxy formation models and
the mock catalogs constructed from them. In Section
3 we compare the observational results in Paper I with
predictions from L-GALAXIES and EAGLE. In Section
4 we examine the uncertainties that may be caused by the
group finder. We discuss the implications of our results
in Section 5.
2. GALAXY FORMATION MODELS AND MOCK
CATALOGS
Semi-analytic galaxy formation models and hydro-
dynamic simulations, which take into account various
baryonic processes, are the most powerful tools to study
galaxy formation and evolution. Here we use data from
the latest version of the Munich model, L-GALAXIES8
(Henriques et al. 2015, 2017) and the state-of-the-art hy-
drodynamic simulation, EAGLE9 (Schaye et al. 2015;
Crain et al. 2015; Furlong et al. 2015), to compare with
the observational results we have obtained in Paper I.
2.1. L-GALAXIES and EAGLE
The L-GALAXIES model used here, as described in
detail in Henriques et al. (2015), is an updated version
of the Munich semi-analytic model (e.g. Croton et al.
8 http://galformod.mpa-garching.mpg.de/public/LGalaxies
9 http://eagle.strw.leidenuniv.nl/
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2006; Guo et al. 2011) built upon the Millennium Sim-
ulation (Springel et al. 2005) assuming the Planck cos-
mology: Ωm = 0.315, ΩΛ = 0.685 and h = 0.673
(Planck Collaboration et al. 2014b). L-GALAXIES em-
ploys a Markov Chain Monte Carlo (MCMC) method to
explore the high-dimensional parameter space to match
the observed galaxy abundance and quenched fraction as
a function of stellar mass from redshift of 3 down to 0. To
better match the observational results, Henriques et al.
(2015) made some changes in the model, including delay-
ing the reincorporation of galaxy wind ejecta, eliminat-
ing the ram-pressure stripping in small halos, and mod-
ifying the model for radio mode AGN feedback. Due
to the mass resolution limits of the Millennium Sim-
ulation, L-GALAXIES does not include galaxies with
M∗<10
9.5M⊙.
In L-GALAXIES, two major processes are assumed
to play important roles in quenching star formation
(or maintaining a low star formation rate) in passive
galaxies: environmental effects on satellites, and radio
mode feedback from central supermassive black holes.
Heating from radio mode feedback is set to be propor-
tional to the black hole mass and the hot gas mass
in the halo (for centrals) or subhalo (for satellites) in
question. Thus, the quenched fraction predicted by
L-GALAXIES is directly linked to the mass of the hot
gas and that of the central black hole, in the sense that
galaxies with more hot gas and a more massive central
black hole are more likely to be quenched. For satellites,
additional “satellite specific” quenching processes are
taken into account. After a satellite falls into a massive
galaxy cluster, stripping of gas due to tidal interac-
tions and ram pressure is assumed to remove its hot
and cold gas reservoir gradually, subsequently leading
to star formation quenching (see also Gunn & Gott
1972; Toomre & Toomre 1972; Moore et al. 1996;
Boselli & Gavazzi 2006; Read et al. 2006; Balogh et al.
2000; Weinmann et al. 2009; Wang et al. 2015). In the
current version of L-GALAXIES (Henriques et al. 2015),
the ram-pressure is assumed to remove the hot gas of
satellites only in massive halos with Mh > 10
14M⊙. In
addition, the gas surface density threshold for turning
cold gas into stars is reduced by a factor of almost two
in comparison with the value assumed earlier. Here we
use the snapshot at z = 0.1, which roughly corresponds
to the median redshift of our SDSS galaxy sample (see
Paper I). The simulation box is 480.3 Mpc/h on a side.
EAGLE consists of a number of hydrodynamic simula-
tions that follow the formation and evolution of galaxies
and supermassive black holes in the Λ cold dark mat-
ter universe. The adopted cosmology is also the Planck
cosmology, but with slightly different parameters from
that of L-GALAXIES: Ωm = 0.307, ΩΛ = 0.693 and
h = 0.678 (Planck Collaboration et al. 2014a). These
simulations adopt advanced smoothed particle hydro-
dynamics and subgrid physical models for gas cooling,
metal enrichment, black hole growth, and stellar and
AGN feedback. Free parameters in the feedback mod-
els are calibrated using the galaxy stellar mass function
and the stellar mass - black hole mass relation at z ∼ 0
(Crain et al. 2015; Furlong et al. 2015). The Chabrier
(2003) initial mass function and the Bruzual & Charlot
(2003) stellar population model are used to obtain lumi-
nosities and stellar masses of individual galaxies based on
their star formation histories. In a simulation like EA-
GLE, the same subgrid physical prescriptions are used for
both centrals and satellites, and the differences between
galaxies come directly from the formation and evolution
processes. For example, the AGN feedback is assumed
to depend on the local gas properties rather than on the
gas properties of the whole halo. Similarly, the stripping
processes of hot and cold gas associated with galaxies
are directly modeled from first principles, independent
of whether a galaxy is a central or satellite. In this pa-
per, we use the simulation Ref-L100N1504, which has a
box size of 100 Mpc and uses 2×15043 particles. The
masses of gas and dark matter particles are 1.81×106M⊙
and 9.70×106M⊙, respectively. The simulation contains
more than 11,000 dark matter halos with masses above
1011M⊙, and nearly 10,000 galaxies with masses compa-
rable to or larger than that of the Milky Way.
The cosmological parameters used in L-GALAXIES
and EAGLE are not exactly the same as the ones used
in Paper I. However, the differences are sufficiently small
that this should not affect any of our results regard-
ing the quenching properties of centrals and satellites.
Another subtle difference regards the definition of cen-
trals and satellites. In EAGLE, centrals are defined
as the most massive galaxies in their host halos, with
all other galaxies being satellites (Furlong et al. 2015).
In L-GALAXIES, on the other hand, a central galaxy
is defined as the galaxy that resides at the center of
the main progenitor halo, which is the progenitor that
evolves along the main trunk of the halo merger tree.
This is not necessarily the most massive galaxy within
that halo. However, we find that more than 97% of all
centrals identified in L-GALAXIES are the most mas-
sive galaxies. Therefore, this subtle difference in cen-
tral/satellite classification will not significantly impact
any of our results.
2.2. Mock catalogs and definition of the quenched
population
Our goal is to investigate the quenching properties of
centrals and satellites for L-GALAXIES and EAGLE,
and examine whether or not the models can reproduce
the trends seen in the SDSS data. To make reliable com-
parisons with the observations, we construct mock cata-
logs of galaxies for both L-GALAXIES and EAGLE, so
as to take into account observational selection effects (for
details see Lim et al. 2017). In both case, we first stack
the duplicates of the original simulation box side by side
to construct a sufficiently large volume. We then choose a
location for the observer in the constructed volume, and
calculate the redshift and the apparent magnitude for
each galaxy based on its luminosity, distance and move-
ment with respect to the observer. Finally, we select a
flux-limited sample of galaxies from a light cone covering
the redshift range 0.01 < z < 0.2, which is similar to
the range covered by the SDSS data. All comparisons
are based on the mock catalogs, unless specified other-
wise. Since the volume of the EAGLE simulation is quite
small (100 × 100 × 100Mpc3), there are many repeated
sources in its mock catalog. Therefore, the error bars
of the statistics for massive galaxies and halos may be
significantly underestimated in the EAGLE sample.
In Section 3, we use the mock galaxy catalogs thus
constructed, together with the halo masses and cen-
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tral/satellite classification taken directly from the mod-
els, to analyze the correlations of the quenching proper-
ties with various other galaxy and environmental param-
eters. We refer to these mock catalogs as L-GALAXIES
and EAGLE, respectively. In Section 4, we will take into
account the uncertainties induced by the group finder.
We apply the same group finder as used for the SDSS
data to the two mock galaxy catalogs to select galaxy
groups and to assign halo masses to them according
to their characteristic, total stellar mass, following the
method developed in Yang et al. (2005, 2007). For clar-
ity, we refer to the mock galaxy catalogs with halo masses
and central/satellite classification as inferred from the
group finder as L-GALAXIES+GF and EAGLE+GF, re-
spectively.
For our analysis, we use a number of quantities pro-
vided by L-GALAXIES and EAGLE, including star for-
mation rate (SFR), stellar mass (M∗), host halo mass
(Mh), the mass of the central supermassive black hole
(MBH), and the scaled halo-centric radius (Rp/r180), de-
fined as the projected distance from the galaxy to the
host group center in units of the halo virial radius of the
host group. To compare with the results in Paper I, we
treat the luminosity-weighted average of the positions of
member galaxies in a group as the group center, and de-
fine the group virial radius as the radius within which the
dark matter halo has an overdensity of 180 (see Equation
5 in Yang et al. 2007).
In paper I, we adopted the demarcation line sug-
gested by Bluck et al. (2016) to separate galaxies into
star-forming and quenched populations. In Appendix
A, we show the specific SFR-M∗ diagram for SDSS, L-
GALAXIES and EAGLE. As one can see, the results
for the two models are quite different from the SDSS
data. Thus, adopting the same demarcation line for the
two models as for the SDSS galaxies is inappropriate.
Instead, for L-GALAXIES/EAGLE, we first divide the
galaxies into 15 stellar mass bins from 109h−2M⊙ to
1012h−2M⊙. We then sort the galaxies in each bin by
their SFRs, and set the SFR threshold below which the
model galaxies are considered to be quenched such that
the resulting quenched fraction as a function of stellar
mass for the two models are exactly the same as that
for the SDSS galaxies. The SFR threshold as a function
of stellar mass for both L-GALAXIES and EAGLE are
presented in Appendix A.
The quenched fraction (fQ) for the mock catalogs is
calculated in the following way by using the Vmax method
to correct the Malmquist bias. For a given subsample (S),
the quenched fraction (fQ) is defined as:
fQ =
∑NS
i=1 wi × fQ,i
∑NS
i=1 wi
. (1)
Here NS is the number of galaxies in subsample S,
wi = 1/Vmax is the weight given to galaxy i, and fQ,i
represents the corresponding quenched status: fQ,i = 1
if the galaxy is quenched, otherwise fQ,i = 0. As in Pa-
per I, the error in the quenched fraction is estimated by
using 1000 bootstrap samples.
3. COMPARISONS OF L-GALAXIES AND EAGLE
WITH SDSS DATA
In this section, we investigate whether the similarity
between centrals and satellites seen in Paper I for SDSS
galaxies can be reproduced by L-GALAXIES and EA-
GLE.
We emphasize that the quenched populations for the
two models are redefined so that a meaningful compari-
son between models and observational data can be made.
In Appendix A, we also use an identical threshold to
separate galaxies into star-forming and quenched popu-
lations for both the observation and the models. As one
can see, both models can reproduce the overall trend of
the quenched fraction increasing with stellar mass. How-
ever they both underestimate the quenched population,
and the results for EAGLE are even worse than those
for L-GALAXIES. These results are broadly consistent
with those obtained before by, e.g., Furlong et al. (2015)
and Henriques et al. (2017). We refer the reader to these
papers for details. In the following, we adopt the new def-
inition for quenched population (see Section 2.2 and Ap-
pendix A) and analyze the quenched fraction as a func-
tion of galaxy stellar mass, halo mass and central black
hole mass separately for centrals and satellites in the L-
GALAXIES and EAGLE catalogs (see Section 2), and
compare the results with the SDSS results obtained in
Paper I. Note that the halo masses and central/satellite
classification used here are the true values taken directly
from the models.
3.1. Dependence of the quenched fraction on stellar
mass and halo mass
In Figure 1, we present the fQ-Mh relations for cen-
trals (red squares) and satellites (blue circles) based on
L-GALAXIES (left panel) and EAGLE (right panel). For
comparison, the results for SDSS galaxies, taken from the
left panel of figure 2 in Paper I, are also shown. As one
can see, both L-GALAXIES and EAGLE are able to re-
produce the overall trends of fQ with Mh for both the
centrals and satellites. At fixed halo mass, the centrals
are more frequently quenched than satellites, consistent
with the observational data. For L-GALAXIES, the fQ-
Mh relations are in fairly good agreement with the data,
except at intermediate halo mass (∼ 1013h−1M⊙), where
the predicted quenched fraction of centrals is significantly
higher than observed. In contrast, centrals in EAGLE
are less frequently quenched than in the SDSS almost
over the entire halo mass range. Moreover, satellites in
EAGLE appear to be more sensitive to halo mass than
what is seen in the data. In general, as far as the over-
all fQ-Mh relations are concerned, L-GALAXIES is in
better agreement with the SDSS data than EAGLE.
To see the dependence of fQ on Mh in more detail,
we divide the galaxies into six stellar mass bins, and
show the fQ-Mh relations for individual stellar mass bins
in Figure 2. For comparison, the corresponding results
for SDSS galaxies, taken from the top panels of fig-
ure 3 in Paper I, are also presented. Compared with
SDSS, the satellites in L-GALAXIES exhibit weaker de-
pendence of the quenched fraction on halo mass at low
stellar masses, but stronger dependence at high stel-
lar masses. For centrals, on the other hand, the pre-
dicted dependence by L-GALAXIES is stronger than
that in the SDSS over the entire stellar mass range.
More importantly, at given stellar mass the fQ-Mh re-
lations for centrals and satellites are different, contrary
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Fig. 1.— Quenched fraction of mock galaxies as a function of halo mass for L-GALAXIES (left panel) and EAGLE (right panel) catalogs.
The red squares and blue circles indicate the results for centrals and satellites, respectively. For comparison, we also show the results for
SDSS galaxies (dotted and dashed lines with error bars represented by the shaded region, taken from the left panel of figure 2 in Paper I).
Fig. 2.— Quenched fraction of mock galaxies as a function of halo mass for central (red squares), satellite (blue circles), and all galaxies
(black lines) in different stellar mass bins, as indicated in each panel. The upper and lower groups of panels show the results for L-
GALAXIES and EAGLE, respectively. The results for SDSS centrals and satellites, taken from the top panels of figure 3 in Paper I, are
shown by the red dotted and blue dashed lines, respectively.
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to what is seen in the SDSS data. The quenched frac-
tion of central galaxies increases rapidly with halo mass
around Mh ∼ 10
12.5h−1M⊙ and is close to unity for
Mh > 10
13h−1M⊙. This trend appears without strong
dependence on stellar mass. In contrast, the quenched
fraction of satellites increases gradually with halo mass
and the halo mass dependence strengthens with increas-
ing stellar mass. This is in good agreement with the
results of Hirschmann et al. (2014), who used the SAM
of Guo et al. (2011) and found that centrals are more
frequently quenched than satellites at fixed local density
when galaxies are divided into a series of narrow stellar
mass bins. Since the two populations exhibit very dif-
ferent dependence on halo mass and reside in different
halos at given stellar mass, a cusp appears in the fQ-Mh
relation for all galaxies, in disagreement with the obser-
vational results (e.g. Peng et al. 2012; Hirschmann et al.
2014; Woo et al. 2015; Wang et al. 2018c, Paper I).
For EAGLE, the difference of centrals and satellites
shown in Figure 1 is reduced when stellar mass is con-
trolled, as shown in Figure 2. EAGLE galaxies show
a steeper dependence on Mh than SDSS galaxies at
M∗< 10
10.2h−2M⊙, but overall the agreement with the
data is fairly good. Note that there are only 233 and 30
galaxies in the original simulation box for the two largest
stellar mass bins, respectively. Hence, these results carry
a large uncertainty, which is not properly captured by the
errorbars shown, due to the fact that the mock catalog is
constructed using repeated stacking of the EAGLE sim-
ulation volume.
These results clearly show that L-GALAXIES fails to
reproduce the similarity in quenching properties between
centrals and satellites. EAGLE, on the other hand, yields
fQ-Mh relations that reveal significant discrepancies with
respect to the data, but it does predict that centrals and
satellites have similar quenching properties when con-
trolled for both stellar and halo mass.
3.2. The fQ-MBH relation at fixed halo and stellar
masses
Several other galaxy properties, such as the bulge-to-
total light ratio, bulge mass, and central velocity disper-
sion, are found to be better correlated with the quenched
fraction than stellar mass (e.g. Driver et al. 2006; Bell
2008; Wuyts et al. 2011; Mendel et al. 2013; Fang et al.
2013; Woo et al. 2015; Wang et al. 2018a). More re-
cently, using observations of 91 galaxies with directly
measured black hole masses, Terrazas et al. (2016) found
that quenched galaxies have more massive black holes
than star-forming galaxies of similar stellar mass. Con-
sistent with this, the central velocity dispersion of a
galaxy, which is tightly correlated with black hole mass,
also correlates with whether a galaxy is quenched or
not (Bluck et al. 2016; Teimoorinia et al. 2016). It is
thus interesting to compare the predicted fQ-MBH re-
lations of centrals and satellites in L-GALAXIES and
EAGLE, both among each other and against observa-
tional data. Since the black hole masses for SDSS galax-
ies are not available, we follow Bluck et al. (2016) and es-
timate the black hole masses by using the well established
MBH-σc relation (e.g. Ho 2008; Kormendy & Ho 2013;
McConnell & Ma 2013). Specifically, we use the rela-
tion, log10(MBH[M⊙]) = 5.25× log10(σc[km s
−1])− 3.77,
obtained by Saglia et al. (2016), which has an observed
scatter of about 0.46 dex.
Figure 3 shows the fQ-MBH relations of centrals (red
dashed line) and satellites (blue dashed line) for L-
GALAXIES (top group of panels) and EAGLE (bottom
group of panels) in a series of halo mass bins. For com-
parison, the corresponding results for SDSS galaxies are
also presented (the same results as shown in figure 7
of Paper I, but with σc replaced with MBH). In order
to eliminate the effects of stellar mass, the centrals and
satellites shown in each panel are restricted to a nar-
row stellar mass bin. For each halo mass bin, the stellar
mass bin is selected to make sure that we have sufficiently
many centrals and satellites (see Appendix B). Thus, the
stellar mass bin chosen varies with halo mass. Moreover,
the stellar mass distributions for SDSS, L-GALAXIES
and EAGLE galaxies are different, and so the stellar mass
bins are slightly different for them, even for a given halo
mass bin (see Appendix B). Since the difference is small
and our purpose is to compare centrals and satellites,
this does not affect any of our conclusions.
As shown in Figure 3, L-GALAXIES reproduces the
overall trend in the data, in that the quenched fraction
increases with MBH. However, there are discrepancies.
At low MBH, the quenched fractions at given black hole
mass predicted by the model are much higher than in the
data. Our tests show that these discrepancies are caused
by the fact that the black hole masses predicted by L-
GALAXIES are systematically lower than those for SDSS
galaxies of the same stellar mass (see also Terrazas et al.
2016). In addition, the predicted fQ-MBH relation for
centrals show a clear jump, with the quenched fraction
increasing rapidly from close to zero at MBH < 10
6.5M⊙
to almost unity above 107M⊙. The results for satellites
are very different, particularly for galaxies in low mass
halos. The fQ-MBH relation of satellites is smooth and
does not show the jump around MBH ∼ 10
6.5M⊙ seen
for centrals. We emphasize, however, that the system-
atic underprediction of black hole mass is unlikely the
main cause for the difference between centrals and satel-
lites, as the problem with black hole mass appears in
both populations. We suspect that the difference may
be related to the different efficiency in AGN fueling and
feedback, as discussed in Section 5.
In contrast to L-GALAXIES, the range of the black
hole masses predicted by EAGLE is similar to that of
SDSS galaxies at given halo and stellar mass. This is
largely expected, as the feedback efficiency in EAGLE
has been calibrated to match the amplitude of the ob-
served galaxy-black hole mass relation. In the three low
halo mass bins, the predicted fQ-MBH relations are in
good agreement with the SDSS data. Most importantly,
the relations for centrals and satellites are very similar,
consistent with what is seen in the data. For more mas-
sive halos, the results show large fluctuations, due to the
small numbers of galaxies in the corresponding mass bins.
In summary, L-GALAXIES and EAGLE predict very
different fQ-MBH relations for both centrals and satel-
lites. Whereas the EAGLE results are in excellent agree-
ment with the SDSS data, the trends predicted by L-
GALAXIES are extremely discrepant. We will discuss
the implications of these results in Section 5.
3.3. Dependence of the fQ-M∗ relation on halo mass
and halo-centric distance
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Fig. 3.— Top group of panels: quenched fraction as a function of central black hole mass for centrals (red solid lines) and satellites
(blue solid lines) predicted by L-GALAXIES in different halo mass and stellar mass ranges. Bottom group of panels: the same as the top
group of panels, but for the predictions by EAGLE. The lack of halos with Mh > 10
14.5h−1M⊙ is due to the small volume of the EAGLE
simulation. For comparison, we also present the results for SDSS galaxies (red dotted line for centrals and blue dashed line for satellites)
in each panel. The SDSS results are derived from Paper I by adopting the MBH-σc relation from Saglia et al. (2016). The halo mass range
is labeled in each panel, and the stellar mass bins can be found in Appendix B.
Satellite galaxies are usually assumed to experi-
ence a number of ‘satellite-specific’ quenching pro-
cesses, such as tidal interaction (e.g. Toomre & Toomre
1972; Read et al. 2006), ram-pressure stripping (e.g.
Gunn & Gott 1972; Abadi et al. 1999; Hester 2006;
Wang et al. 2015) and strangulation (Larson et al. 1980;
Balogh et al. 2000; van den Bosch et al. 2008a). All
these may lead to dependence of fQ on halo-centric dis-
tance. Indeed, satellites of a given stellar mass are
found to be more frequently quenched near group/cluster
centers than in the outer parts (e.g. Weinmann et al.
2006; van den Bosch et al. 2008b; Wetzel et al. 2012;
Kauffmann et al. 2013; Wang et al. 2018c). In Paper I,
we found that the value of fQ depends on halo-centric dis-
tance significantly only for galaxies with low masses, and
that there seems to be a stellar mass threshold for given
halo mass, above which the quenched fraction becomes
independent of halo-centric distance. In this subsection,
we test whether or not L-GALAXIES and EAGLE can
reproduce this observational result.
Figure 4 shows the fQ-M∗ relation in the six halo mass
bins, as predicted by L-GALAXIES (top group of panels)
and by EAGLE (bottom group of panels), with each sam-
ple further divided according to halo-centric distance.
For comparison, we also present similar results for SDSS
galaxies (taken from Paper I) in dotted lines with shaded
regions. The dotted vertical lines indicate the stellar
mass threshold derived from the observational results,
above which the quenched fraction becomes independent
of halo-centric distance. We divide L-GALAXIES galax-
ies into three halo-centric distance bins, and EAGLE
galaxies into two bins to achieve better statistics. Since
centrals and satellites of similar stellar mass show very
similar dependence on halo-centric distance, at least in
the data (see Paper I), we do not investigate centrals and
satellites separately.
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Fig. 4.— Top group of panels: quenched fraction as a function of stellar mass in the six halo mass bins as predicted by L-GALAXIES.
Results are shown for galaxies in three halo-centric distance intervals: Rp/r180 <0.3 (red solid lines), 0.3 < Rp/r180 < 0.6 (green solid
lines), and 0.6 < Rp/r180 < 0.9 (blue solid lines). Bottom group of panels: the same as the top panels but for the predictions of EAGLE.
Here results are shown for two halo-centric distance intervals: Rp/r180 < 0.3 (red solid lines) and 0.3 < Rp/r180 (blue solid lines). For
comparison, for each halo mass bin, we plot the quenched fraction as a function of stellar mass for SDSS galaxies divided by the halo-centric
distance, which are the same as what we have done for L-GALAXIES and EAGLE. These are taken from figure 9 of Paper I. The shaded
regions are the 1σ confidence range. The dotted vertical lines indicate the stellar mass threshold, above which the fQ of galaxies appears
to be independent of halo-centric distance at given halo mass.
Both L-GALAXIES and EAGLE can successfully re-
produce the trend that galaxies located closer to the
group center are more frequently quenched over almost
the entire halo mass range. However, above the stel-
lar mass thresholds, indicated by the vertical lines, the
quenched fraction predicted by L-GALAXIES still shows
significant dependence on halo-centric distance, at least
for intermediate halo mass bins (1012.0h−1M⊙< Mh <
1013.8h−1M⊙), which is inconsistent with the observa-
tional result. In contrast, EAGLE appears to match
the data much better, at least in the intermediate halo
mass range from 1012.6h−1M⊙ to 10
13.8h−1M⊙. Note
that no EAGLE results are plotted for the halo mass bin
1014.4h−1M⊙ < Mh < 10
15.0h−1M⊙, due the the small
number of massive galaxies in the EAGLE simulation
(see Figure 8).
4. UNCERTAINTIES INDUCED BY THE GROUP
FINDER ALGORITHM
The SDSS results shown above and in Paper I are
based on the galaxy group catalog constructed using the
halo-based group finder developed by Yang et al. (2005,
2007). The results presented in the previous section do
not take into account uncertainties that may be induced
by the group finder. In particular, the group finder as-
signs halo masses to each group based on the group’s to-
tal, characteristic stellar mass (see Yang et al. 2007, for
details), and characterizes galaxies as centrals or satel-
lites based on their stellar mass rank within the group,
with centrals being the brightest group members. This
invariably comes with some errors. In a recent study,
Campbell et al. (2015) has shown that these errors typ-
ically reduce the differences between centrals and satel-
lites, making them appear more similar than they really
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Fig. 5.— The same as Figure 2, but obtained from the mock samples, L-GALAXIES+GF (top group of panels) and EAGLE+GF (bottom
group of panels).
are. In this section, we investigate the reliability of our
results against potential uncertainties introduced by the
group finder.
4.1. Dependence on stellar mass, halo mass, black hole
mass and halo-centric distance
To do this, we use the L-GALAXIES+GF and EA-
GLE+GF catalogs, described in Section 2, to derive the
statistics of model galaxies. Note that, for these two
catalogues, the halo masses and central/satellite classi-
fication are obtained from the group finder. The upper
and lower sets of panels in Figure 5 show the quenched
fractions as a function of halo mass for galaxies in the
same six stellar mass bins as before, as obtained from
L-GALAXIES+GF and EAGLE+GF, respectively. The
SDSS results are also plotted for comparison.
For L-GALAXIES, the group finder clearly has a dra-
matic impact on the quenched fractions. In particular,
the large differences between centrals and satellites evi-
dent in Figure 2 are now significantly reduced. However,
the fQ-Mh relations for centrals and satellites obtained
from L-GALAXIES+GF are still significantly different
for the two lowest stellar mass bins, [9, 9.4] and [9.4, 9.8].
Moreover, the group finder tends to make the fQ-Mh
relations flatter for both centrals and satellites. In par-
ticular, for satellites in halos withMh > 10
12h−1M⊙, the
quenched fraction is almost independent of halo mass. In
contrast, the quenched fraction of the observed satellites
reveals a strong mass dependence.
The group finder has a much weaker impact on the
results of the EAGLE simulation. As shown in the lower
set of panels in Figure 5, the fQ-Mh relations obtained
from EAGLE+GF for centrals and satellites have only
changed slightly compared to the results shown in Figure
2. In particular, the impact of the group finder on the
quenched fraction is similar for centrals and satellites,
and the flattening effect that plagues the L-GALAXIES
results is not significant for EAGLE.
The fact that the group finder significantly reduces
the difference among the fQ-Mh relations of centrals
and satellites for the L-GALAXIES model is somewhat
unfortunate. It makes the quenching properties of L-
GALAXIES and EAGLE appear more similar than they
really are. As a result, the shortcomings of the group
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Fig. 6.— The same as Figure 3, but obtained from the mock samples, L-GALAXIES+GF (top group of panels) and EAGLE+GF (bottom
group of panels).
finder prevent us from clearly preferring one model over
the other, at least when it comes to the difference in
quenching statistics for centrals and satellites that are
controlled for both halo mass and stellar mass. However,
as we will see below, when it comes to the black hole mass
dependence and the dependence on halo-centric radius,
EAGLE+GF clearly outperforms L-GALAXIES+GF.
The fQ-MBH relations obtained from L-
GALAXIES+GF and EAGLE+GF are shown in
Figure 6 for six halo mass bins. As in Section 3.2,
centrals and satellites are restricted to narrow stellar
mass bins (see Appendix B) to eliminate the dependence
on stellar mass. For the L-GALAXIES model, applying
the group finder does not change the results too much;
the large difference between centrals and satellites can
still be seen for Mh < 10
13.5h−1M⊙. In particular,
the strong jump of fQ for centrals at MBH ∼ 10
6.5M⊙
does not change significantly from L-GALAXIES to
L-GALAXIES+GF. For the EAGLE model, the group
finder algorithm also has only weak impact on the
fQ-MBH relations of centrals and satellites, although the
uncertainties are large, particularly for more massive
halos.
The reason why the fQ-MBH relation is less sensitive to
the group finder than the fQ-Mh relation, is simply be-
cause MBH does not enter in, or derive from, the group
finder, whereas Mh does; the only way that the group
finder can impact the fQ-MBH relations is through mis-
classification of centrals and satellites. The results pre-
sented here suggest that this is not a major source of
error. The implication is, that the similarity in the rela-
tions between fQ and central velocity dispersion for cen-
trals and satellites presented in Paper I is not an artifact
of the group finder. Since central velocity dispersion is
strongly correlated with black hole mass, we argue that
the SDSS data is in much better agreement with EAGLE
than with L-GALAXIES.
Finally, Figure 7 presents the fQ-M∗ relations in dif-
ferent halo-centric distance intervals predicted by L-
GALAXIES+GF and EAGLE+GF. For L-GALAXIES,
the application of the group finder changes some de-
tails in the relationship, but the overall trends remain.
For massive halos, with Mh > 10
13.2 h−1M⊙, the re-
sults from L-GALAXIES+GF are now in better agree-
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Fig. 7.— The same as Figure 4, but obtained from the mock samples, L-GALAXIES+GF (top group of panels) and EAGLE+GF (bottom
group of panels).
ment with the SDSS results. However, for halos with
1012.0 h−1M⊙ < Mh < 10
13.2 h−1M⊙, the significant de-
pendence of fQ on halo-centric radius is still apparent for
galaxies above the stellar mass threshold indicated by the
dotted, vertical lines. For EAGLE, the group finder has
little impact, and the fQ-M∗ relations are very similar to
the results shown in Figure 4.
4.2. Uncertainties introduced by the group finder
In order to better understand how and why the group
finder impacts the results, and why the impact is so much
larger for L-GALAXIES than for EAGLE, we now take
a closer look at how the group finder performs for both
models. The most relevant pieces of information pro-
vided by the group finder are the halo masses and the
central/satellite classification. In order to better under-
stand how the group finder impacts our results, we there-
fore examine the mis-classification rate and the reliabil-
ity of the assigned halo masses in L-GALAXIES+GF
and EAGLE+GF. The upper panels of Figure 8 plot the
halo masses assigned by the group finder versus true
halo mass, for both L-GALAXIES and EAGLE. The
scatter in the assigned halo mass as a function of the
true halo mass is shown in the bottom panels. Over-
all, there is a good linear relation between the assigned
and true masses for both L-GALAXIES and EAGLE.
However, the relation given by L-GALAXIES has signif-
icantly larger scatter, especially for massive halos (∼0.4
dex). For EAGLE, the scatter is much smaller, ∼0.2 dex,
and shows almost no dependence on halo mass. We have
also checked the mis-classification rate of centrals ver-
sus satellites, defined as the fraction of centrals/satellites
in L-GALAXIES (or EAGLE) but classified as satel-
lites/centrals in L-GALAXIES+GF (or EAGLE+GF).
The mis-classification rates of centrals and satellites in L-
GALAXIES+GF are 0.06 and 0.33, while they are about
0.03 and 0.16 in EAGLE+GF.
We can thus conclude, that overall the group finder
performs significantly better in EAGLE than in L-
GALAXIES. Further tests show that the main reason for
this difference is that EAGLE predicts a much tighter re-
lation between halo mass and the total stellar mass of its
member galaxies (see Figure C.1 in the Appendix). Since
the group finder assigns halo masses under the ansatz
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Fig. 8.— The halo mass assigned by group finder (vertical axis) versus the original halo mass (horizontal axis) for L-GALAXIES (top
left panel) and EAGLE (top right panel). Only 20,000 galaxies randomly selected from the mock samples are shown here. The bottom two
panels show the scatter of the assigned halo mass versus the original halo mass.
of a one-to-one, monotonic relation between total stellar
mass and halo mass, the poor performance of the group
finder in the case of L-GALAXIES is easily understood.
Another issue that plays an important role is the cen-
tral/satellite mis-classification, which causes centrals and
satellites in the group catalog to look more similar than
they really are (Campbell et al. 2015). Since the mis-
classification is significantly larger in L-GALAXIES than
in EAGLE, the difference between L-GALAXIES+GF
and L-GALAXIES is larger than between EAGLE+GF
and EAGLE. The fact that centrals and satellites in EA-
GLE are intrinsically more similar to each other than
in L-GALAXIES (cf. Figure 2), adds to this enhanced
effect of the group finder in the case of L-GALAXIES.
The difference in the performance of the group finder
for L-GALAXIES and EAGLE is a concern, as it is not
known a priori whether L-GALAXIES or EAGLE is a
better representation of the real Universe. Here we use
an independent test to show that the EAGLE simulation
is more reminiscent of the real Universe than the pop-
ulation of galaxies in the L-GALAXIES semi-analytical
model.
As shown above, the problem of the group finder in its
application to L-GALAXIES is the large uncertainties in
the assigned halo mass. It is well known that halo clus-
tering depends strongly on halo mass (e.g. Mo & White
1996; Sheth et al. 2001). Hence, if there are large errors
in the assigned halo masses, this should reveal itself in
the clustering properties of the galaxy groups. In par-
ticular, at the massive end, where the halo bias depends
strongly on halo mass, large errors will result in a signif-
icant reduction of the mass dependence of the clustering
of the groups. This idea was tested in Wang et al. (2008),
who measured the relative bias of groups selected from
the Yang et al. (2007) SDSS galaxy group catalog. They
found that clustering-dependence on the inferred group
mass to be in excellent agreement with that expected for
halos in the ΛCDM concordance cosmology. This indi-
cates that the errors in the inferred group masses have
to be relatively small. We now repeat this analysis of
Wang et al. (2008) by measuring the relative halo bias
as inferred from L-GALAXIES+GF, EAGLE+GF, and
SDSS, and comparing the results with theoretical expec-
tations.
To estimate the halo bias, for each group catalog,
we divide halos (groups) into six halo mass bins uni-
formly spaced in log(Mh/h
−1M⊙) between 12 and to
15. We calculate the projected two-point cross corre-
lation function (2PCCF) between the groups in each
mass bin and all galaxies in the corresponding catalog.
The 2PCCFs so obtained are shown in Figure 9 as the
black and blues lines for L-GALAXIES/EAGLE and L-
GALAXIES+GF/EAGLE+GF, respectively. Errors are
estimated using the bootstrap method (e.g. Barrow et al.
1984), and the details for calculating the 2PCCF can
be found in Li et al. (2006). Note that the results for
L-GALAXIES/EAGLE are independent of the group
finder, while those for L-GALAXIES+GF/EAGLE+GF
are affected by the group finder.
The clustering amplitude increases with increasing
halo mass, in agreement with the fact that more massive
halos are more strongly clustered. For L-GALAXIES,
the group finder leads to a higher 2PCCF for the low-
est halo mass bin, and a significantly lower 2PCCF for
the three highest halo mass bins (Mh > 10
13.5h−1M⊙),
especially at scales < 1h−1Mpc. For EAGLE, the differ-
ence between EAGLE and EAGLE+GF are smaller than
that between L-GALAXIES and L-GALAXIES+GF, al-
though significant differences are present in the low-
est halo mass bin. The 2PCCFs of EAGLE and EA-
GLE+GF drops sharply at rp > 10 h
−1Mpc, which is a
consequence of the small simulation volume.
To quantify the change of the clustering amplitude
with halo mass, we estimate the relative bias, defined
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Fig. 9.— Top panels show the 2PCCF between halos and mock galaxies for halos of different mass. The left panel shows the results
for L-GALAXIES (black lines) and L-GALAXIES+GF (blue lines), while the right panel shows the results for EAGLE (black lines) and
EAGLE+GF (blue lines). Halos are divided into six halo mass bins, log(Mh/h
−1M⊙) ∈ [12, 12.5), [12.5, 13.0), [13.0, 13.5), [13.5, 14.0),
[14.0, 14.5), and [14.5, 15.0], respectively. Bottom panels show the relative halo bias (see text for the definition) as a function of halo
mass. The left panel shows the results for L-GALAXIES (red squares) and L-GALAXIES+GF (blue squares), while the right panel shows
the results for EAGLE (red squares) and EAGLE+GF (blue squares). The results for SDSS galaxies are shown in black triangles. For
comparison, we also show the theoretical predictions of two cosmological models, Planck cosmology adopted by L-GALAXIES and EAGLE
(red dashed line), and WMAP3 cosmology adopted by SDSS group catalog (black solid line). Errors are estimated by using bootstrap
method with 100 samples.
as the ratio between the clustering amplitude for halos
of given Mh and that for halos of Mh ∼ 10
12.25h−1M⊙.
The relative bias is calculated using the 2PCCFs in the
range 4 h−1Mpc < rp < 20 h
−1Mpc for L-GALAXIES,
while that for EAGLE is calculated using the measure-
ments within 4 h−1Mpc < rp < 10 h
−1Mpc to reduce
the impact of the box size. The results are shown in
the bottom panels of Figure 9. For comparison, we also
show the theoretical predictions of the Sheth et al. (2001)
model for the two cosmological models, Planck adopted
by L-GALAXIES and EAGLE, and WMAP3 adopted
by Yang et al. (2007) when constructing the SDSS group
catalog.
As can be seen, the relative halo bias for L-GALAXIES
and EAGLE agree well with the theoretical curve. The
halo bias obtained from L-GALAXIES+GF is, however,
much lower than that from L-GALAXIES. This again in-
dicates the failure of the group finder in the application to
L-GALAXIES. In contrast, the halo bias obtained from
EAGLE+GF resembles that from EAGLE and follows
well the theoretical prediction, indicating that the group
finder works successfully for EAGLE. More importantly,
the halo bias of SDSS follows closely the theoretical pre-
diction, as in EAGLE, and very different from that in
L-GALAXIES. Unless our theoretical prediction for the
mass dependence of the halo bias is significantly in error,
this indicates that the scatter between halo mass and to-
tal stellar mass in the SDSS is not significantly larger
than in the EAGLE simulation, and smaller than what
is predicted by L-GALAXIES. It also suggests that the
mass estimates for the SDSS groups are reliable, at least
in a statistical sense.
5. SUMMARY AND DISCUSSION
In Paper I, we found that the quenched fraction corre-
lates with a variety of parameters, such as halo mass, stel-
lar mass, central velocity dispersion, bulge-to-total ratio,
and halo-centric distance, and that the correlations are
almost identical for central and satellite galaxies as long
as the samples are properly controlled. In the present
paper, we investigate the quenching properties of galax-
ies in two galaxy formation models, L-GALAXIES and
EAGLE, and examine whether these two different mod-
els can reproduce the similarity between the quenching
properties of centrals and satellites. We mimic the obser-
vations by constructing flux-limited mock galaxy samples
from the two galaxy formation models. Since our main
focus is on the difference between the two populations of
galaxies, rather than on the overall trends predicted by
the models, we define ‘quenched’ galaxies in the model
samples such that they match the observed fQ-M∗ rela-
tion of SDSS galaxies. The results from the two models
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are presented both with and without adopting the group
finder, so that the uncertainties induced by the group
finder can be examined. Our main results are as follows:
• At given stellar mass, the overall fQ-Mh relations
for L-GALAXIES agree with the observational re-
sults better than those for EAGLE. However, the
L-GALAXIES model predicts significantly higher
quenched fractions for centrals than for satellites
at fixed halo mass and stellar mass. In contrast,
the differences between centrals and satellites in
the EAGLE simulation are much smaller.
• The L-GALAXIES model predicts very different
fQ-MBH relations for centrals and satellites at
given halo mass and stellar mass. In particu-
lar, the predicted quenched fraction for centrals
changes rapidly from about zero to about one
around MBH ∼ 10
6.5M⊙, while the quenched frac-
tion of satellites reveals a much weaker dependence
on MBH. In contrast, the EAGLE simulation pre-
dicts fQ-MBH relations for centrals and satellites
that are very similar, when controlling for both
stellar and halo mass.
• The L-GALAXIES model fails to reproduce the
observed independence of fQ on halo-centric dis-
tance for massive galaxies at low to intermediate
halo mass (12.0 < log(Mh/ h
−1M⊙) < 13.2). EA-
GLE, on the other hand, matches the observations
at these halo mass bins better.
• After applying group finder, the results for EA-
GLE only change slightly. In contrast, the group
finder significantly reduces the differences between
centrals and satellites in L-GALAXIES, especially
for the dependence of fQ on halo mass. However,
significant differences between the two populations
remain, in particular regarding the dependence of
fQ on black hole mass.
• Overall, the group finder works better on EAGLE
than on L-GALAXIES, yielding better halo mass
assignments and better central-satellite identifica-
tion. This indicates that the performance of the
group finder depends significantly on the detailed
predictions of galaxy formation models. As an ad-
ditional test of the performance of the group finder,
we examined the clustering of the groups identified
by the group finder. In the case of L-GALAXIES,
the inferred clustering as a function of group mass
is inconsistent with the expected mass dependence
of the halo bias. EAGLE, on the other hand, is
similar to the SDSS data, in that the inferred clus-
tering of the groups is in excellent agreement with
expectations based on the halo bias. This suggests
that the amount of scatter in the relation between
halo mass and total stellar mass in EAGLE is in
agreement with that in the SDSS data, while L-
GALAXIES predicts a scatter that is too large. In
addition, the fact that the measured halo-bias for
the SDSS groups agrees well with the theoretical
expectations suggests that the results inferred from
the SDSS group catalog are reliable.
As we have shown, centrals and satellites in L-
GALAXIES have very different quenching properties,
even when stellar mass and halo mass are fixed. This
difference is likely caused by the fact that L-GALAXIES,
and SAMs in general, treat centrals and satellites differ-
ently. In particular, SAMs typically include a number of
processes that operate only on satellite galaxies. In early
versions of various SAMs, it was assumed that satellite-
specific processes strip satellite galaxies of their hot gas
reservoir as soon as they become a satellite galaxy, i.e.,
as soon as they are accreted by a halo more massive
than their own (e.g. De Lucia et al. 2004; Kang et al.
2005; Croton et al. 2006). As first pointed out in
Weinmann et al. (2006), this leads to a rapid decline of
star formation and a fraction of red or quenched satellites
that is much higher than observed. Subsequent SAMs
therefore adopted a more gentle stripping of the hot
gas (e.g. Font et al. 2008; Kang & van den Bosch 2008;
Weinmann et al. 2010; Guo et al. 2011). In the more re-
cent L-GALAXIES SAM of Henriques et al. (2015), ram-
pressure is assumed to only operate in the most massive
halos. Although these modifications reduce the differ-
ence between centrals and satellites, the results presented
here suggest that the remaining differences may still be
too large.
Another origin for the large differences between cen-
trals and satellites in L-GALAXIES may come from the
particular treatment of AGN feedback, which is assumed
to be proportional to both black hole mass and the mass
of the surrounding hot gas. For centrals, this results in
a quenched fraction as function of black hole mass that
is almost step-function-like, transiting from close to zero
to close to unity around MBH ∼ 10
6.5M⊙ (see Figure 3).
The quenched fraction of satellite galaxies, on the other
hand, reveals a much weaker dependence on black hole
mass. We have examined the hot gas mass fractions of
centrals and satellites in L-GALAXIES of similar stel-
lar mass and halo mass. In general, central galaxies have
much more hot gas than satellites. More importantly, the
amount of hot gas in centrals varies little from galaxy-to-
galaxy (at fixed stellar mass), whereas the hot gas mass
fraction of satellites spans several orders of magnitude.
As a consequence, the impact of AGN feedback on cen-
trals is almost entirely regulated by the mass of the black
hole. For satellites, on the other hand, the much broader
distribution of hot gas mass fractions explains the much
weaker dependence on black hole mass.
Contrary to L-GALAXIES, the EAGLE simulation
nicely reproduces the similarities between centrals and
satellites regarding correlations of the quenched frac-
tion with various other quantities. The simulation may,
therefore, provide useful insights into the various pro-
cesses that cause galaxies to quench their star formation.
Whereas L-GALAXIES assume that the AGN feedback
feedback efficiency depends on the total mass of hot gas,
in EAGLE the amount of feedback energy is assumed to
depend on the local density and temperature of the gas
surrounding the central black hole. Since these local gas
properties are likely to be less strongly affected by the
environment than the total hot gas mass, this may ex-
plain why centrals and satellites in EAGLE appear more
similar.
The comparison with SDSS data presented here sug-
gests that the quenching properties of galaxies in EAGLE
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are in better agreement with the data than those in L-
GALAXIES. However, we caution that the results based
on the group finder can cause centrals and satellite to
appear more similar than they are in reality. Indeed, af-
ter applying the halo-based group finder of Yang et al.
(2005) over mock data extracted from L-GALAXIES,
some of the dramatic differences between centrals and
satellites present in the SAM are drastically suppressed.
Nevertheless, significant differences with respect to the
SDSS data remain, and an analysis of the clustering
properties of the L-GALAXIES groups clearly suggests
that it is far more significantly impacted by group finder
errors than either EAGLE or SDSS. We are therefore
cautiously confident that the EAGLE simulations bet-
ter captures the physics of galaxy quenching than the
L-GALAXIES semi-analytical model.
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APPENDIX
A: DEFINING THE POPULATION OF QUENCHED GALAXIES
To allow for a meaningful comparison of the quenching fractions in the data and the models, we define the quenched
fractions in L-GALAXIES and EAGLE such that they match the observed fQ-M∗ relation of SDSS galaxies. Figure
A.1 shows the SFR-M∗ relation for the SF and quenched galaxies in L-GALAXIES and EAGLE. The red demarcation
line indicates the SFR thresholds, below which galaxies are considered quenched. This definition is not commonly used
in the literature, but is adopted here so that a meaningful comparison between models and observational data can be
made. Note that a galaxy defined as quenched in this way, may still be actively forming stars in the L-GALAXIES or
EAGLE simulations.
To get an overall impression of the fQ-M∗ relation predicted by the models, here we present results based on
the commonly used definition of quenched population for all the three samples, L-GALAXIES, EAGLE, and SDSS.
The upper panels of Figure A.2 plot the sSFR versus stellar mass for galaxies in the SDSS (left-hand panel), the
L-GALAXIES model (middle panel) and the EAGLE simulations (right-hand panel). Whereas the SDSS data reveals
a very pronounced population of quenched galaxies, this is not the case for L-GALAXIES or EAGLE. This is mainly
because the models predict many galaxies with zero SFR, which falls below the scale of the plots. If we split the
populations in quenched and star-forming at a sSFR of 10−11yr−1, indicated by the dashed lines in the top panels, we
obtain the quenched fractions as function of stellar mass indicated in the lower panels. Both L-GALAXIES and EAGLE
reproduce the global trends seen in the SDSS data of fQ increasing with mass, and of satellites (blue circles) having
higher quenched fractions than centrals (red squares) at fixed stellar mass. However, L-GALAXIES under-predicts the
quenched fraction of galaxies at the massive end (log10(M∗/h
−2M⊙)>10.6). The EAGLE simulation fairs even worse
in reproducing the detailed fQ-M∗ relations observed in the SDSS. In order for our results not to be affected by these
overall differences, at each stellar mass bin we define the sSFR below which galaxies are defined to be quenched such
that both L-GALAXIES and EAGLE yield fQ-M∗ relations relations that are identical to the SDSS results (see §2.2)
for details).
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Fig. A.2.— The sSFR-M∗ relation and fQ-M∗ relation for galaxies from SDSS (left panels), L-GALAXIES (middle panels) and EA-
GLE (right panels). In displaying the sSFR-M∗ relation, we randomly select 20,000 galaxies from each sample. The red dashed line
(sSFR=10−11yr−1) in the top panels are used to separate SF and quenched populations. In each bottom panel, the blue circles, red
squares and black line represent the fQ-M∗ relations for satellites, centrals and all galaxies, respectively. For comparison, we display the
fQ-M∗ relations for SDSS galaxies in dashed lines in the bottom-middle and bottom-right panels.
B: CONTROLLED STELLAR MASS RANGES FOR EAGLE (EAGLE+GF) AND L-GALAXIES
(L-GALAXIES+GF)
In order to compare the fQ-MBH relations of centrals and satellites, we have to control both stellar mass and
halo mass. However, it is known that centrals and satellites occupy different loci in the stellar mass and halo mass
plane. In Figure B.1, we show the stellar mass distributions of centrals and satellites in various halo mass bins for
L-GALAXIES (top group of panels) and EAGLE (bottom group of panels). The distributions for SDSS galaxies can
be found in figure 5 of paper I. The overlap between the two populations is usually narrow and varies with halo
mass. For each halo mass bin, the stellar mass range is manually selected to make sure that there are a large enough
number of centrals and satellites to facilitate a meaningful comparison. The stellar mass ranges for L-GALAXIES,
L-GALAXIES+GF, EAGLE, and EAGLE+GF are marked in Figure B.1. For comparison, the shaded regions show
the corresponding stellar mass ranges for SDSS galaxies. For L-GALAXIES, the halo masses assigned by the group
finder are quite different from the true halo masses (see Figure 8), which explains why the selected stellar mass ranges
for L-GALAXIES and L-GALAXIES+GF are somewhat different. Since the stellar mass distributions in each halo
mass bin are different among L-GALAXIES, EAGLE and SDSS, the chosen stellar mass bins for the two models and
the observations are also different. As one can see, the controlled stellar mass ranges for SDSS galaxies are higher
than those for L-GALAXIES and EAGLE, especially in less massive halos (Mh < h
−11013.5M⊙). The differences are
reduced at the massive end. Specifically, the controlled stellar mass ranges of L-GALAXIES+GF are more consistent
with those of SDSS than L-GALAXIES. The controlled stellar mass ranges are the same for EAGLE and EAGLE+GF,
which are systematically lower than those of SDSS. The reader should keep these differences in mind when interpreting
the results in Figures 3 and 6.
C: THE TOTAL STELLAR MASS OF MEMBER GALAXIES VERSUS THE HALO MASS OF
GROUPS FOR L-GALAXIES AND EAGLE
As shown in Figure 8, for the L-GALAXIES model there is a large scatter (up to ∼0.4 dex) between the real halo
mass and the halo mass assigned by the group finder. This scatter is significantly smaller (∼0.2 dex) in the case of
the EAGLE simulations. The group finder assign halo masses to each group assuming a tight correlation between
halo mass and the total stellar mass of its member galaxies. Hence, the fact that the masses assigned to the groups
in EAGLE are more accurate than in the case of L-GALAXIES is likely to have its origin in a larger scatter between
halo mass and total stellar mass in L-GALAXIES. To test this, Figure C.1 plots the relationship between the total
stellar mass, M∗,tot, of member galaxies and halo mass for groups in both L-GALAXIES (left) and EAGLE (right).
The lower panels plot the corresponding scatter in log(M∗,tot) as function of halo mass. Overall, L-GALAXIES indeed
reveals a larger amount of scatter, reaching ∼ 0.25 dex at Mh ∼ 10
12.4h−1M⊙. In contrast, the scatter in EAGLE is
only ∼ 0.16 dex around that mass scale. Hence, we conclude that the main origin for the larger errors in the assigned
group masses in L-GALAXIES is a larger scatter in the relation between halo mass and total stellar mass of its member
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Fig. B.1.— The normalized stellar mass distribution of centrals and satellites for the subsamples of L-GALAXIES (top panels) and
EAGLE (bottom panels). In each panel, the red and blue histograms represent the stellar mass distribution of centrals and satellites,
respectively. The controlled stellar mass ranges for SDSS, L-GALAXIES (EAGLE) and L-GALAXIES+GF (EAGLE+GF) are displayed
in shaded region, the dashed lines and the dotted lines, respectively.
galaxies.
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Fig. C.1.— The total stellar mass of member galaxies versus the halo mass of groups for L-GALAXIES (top left panel) and EAGLE
(top right panel). Only 20,000 groups are randomly selected to be shown here. The bottom two panels show the scatter of total stellar
mass as a function of the halo mass. Note that the halo mass and total stellar mass of member galaxies presented here are directly taken
or derived from L-GALAXIES and EAGLE, without applying group finder algorithm.
